ABSTRACT

Diversifying Selective Pressure on Influenza B Virus Hemagglutinin by Jun Shen
Influenza B virus hemagglutinin (HA) is a major surface glycoprotein with frequent amino-acid substitutions. However, the roles of antibody selection in the amino-acid substitutions of HA were still poorly understood. In order to gain insights into this important issue, an analysis was conducted on a total of 271 HAi sequences of influenza B virus strains isolated during 1940~2007.
In this analysis, PAML (Phylogenetic Analysis by Maximum Likelihood) package was used to detect the existence of positive selection and to identify positively selected sites on HAi.
Strikingly, all the positively selected sites were located in the four major epitopes (120-loop, 150-loop, 160-loop and 190-helix) of HA identified in previous studies, thus supporting a predominant role of antibody selection in HA evolution. Of particular significance is the involvement of the 120-loop in positive selection, which may become increasingly important in future field isolates. Despite the absence of different subtypes, influenza B virus HA continued to evolve into new sublineages, within which the four major epitopes were targeted selectively in positive selection. Thus, any newly emerging strains need to be placed in the context of their evolutionary history in order to understand and predict their epidemic potential.
CHAPTERl introduction
Ever since the isolation of the first influenza B virus strain B/Lee/40 [Krystal et al., 1982] , influenza B virus has remained a serious health problem, contributing to the seasonal "flu" epidemics each year. As a major glycoprotein on the surface of influenza B virus, HA undergoes constant amino-acid substitutions. The HA protein of current circulating influenza B virus strains belongs to one of the two major phylogenetic lineages: B/Victoria/2/87 (B/VI)-like and B/Yamagata /16/88 (B/YM)-like [Kanegae et al., 1990; Rota et al., 1990; Shaw et al., 2002] .
Over the last 68 years, a large number of amino-acid substitutions on influenza B virus HA were observed in field isolates, in monoclonal-antibody escape mutants and in egg-adapted variants [Berton et al., 1984; Berton and Webster, 1985; Bootman and Robertson, 1988; Hovanec and Air, 1984; Krystal et al., 1982; Krystal et al., 1983; Lubeck et al., 1980; Rota et al., 1992; Rota et al., 1990; Verhoeyen et al., 1983; Webster and Berton, 1981] . However, it was unclear which of these substitutions the results of positive selection were, and what were the roles of antibody selection in the molecular evolution of influenza B virus HA. In this context, positive selection is defined as a significant excess of amino-acid altering substitutions over silent substitutions in nucleotide sequences, since, if completely random, only 24% of nucleotide substitutions would cause changes in the encoded amino acids [Air et al., 1990] . There was previously a sequence analysis on 49 HAi sequences of recent influenza B virus isolates, which identified HAi 75, 197, and 199 (B/HongKong/8/73 HA numbering of 75, 194, and 196, respectively) to be under positive evolutionary selection [Pechirra et al., 2005] . However, since it did not separate the B/YM-lineage and B/VI-lineage strains, this study might have failed to identify those amino-acid positions that were selected positively only in one but not the other lineage [Yang et al., 2000] .
This was particularly problematic for the 150-loop and 160-loop (Fig.l) , which had become specific for B/YM-like and B/VI-like strains, respectively [Nakagawa et al., 2001a; Nakagawa et al., 2001b; Nakagawa et al., 2003; Nakagawa et al., 2005; Wang et al., 2008] . Most recently, a larger-scale analysis that used 214 HAi sequences of influenza B virus strains has been published [Chen and Holmes, 2008] . Although it separated B/YM-and B/VI-lineage strains, the evolution of these lineages into distinct sublineages was not taken into account, which limited the accuracy of the positively selected sites derived therein [Chen and Holmes, 2008] .
PAML is a package of programs that analyze DNA and protein sequences using maximum likelihood [Yang, 2007] . Using the program CODEML in PAML, the nonsynonymous (amino-acid altering substitutions)/synonymous (silent substitutions) rate ratio (co) for each codon is calculated as an important indicator of selection pressure at the protein level: an co > 1 indicates positive selection [Yang, 2007; Yang et al., 2000] .
Bayes Empirical Bayes analysis then calculates the posterior probability that each site belongs to a particular site class. Sites with high posterior probability of belonging to the site class of co > 1 are inferred to be under positive selection [Yang, 2007; Yang et al., 2000] .
In order to gain insights into the amino-acid positions on influenza B virus HA that are truly under positive selective pressure, here a total of 271 HAi sequences of influenza B virus strains isolated between 1940-2007 were analyzed. Based on the phylogenetic analysis, these HAi sequences were divided into three major groups: early strains , B/YM-like lineage and B/VI-like lineage . The B/YM-lineage was further divided into four sublineages, and the B/VI lineage into two sublineages (Fig.2) . These seven groups were analyzed by using CODEML in PAML version 4 [Yang, 2007; Yang et al., 2000] . The identified positively selected sites were located predominantly on the four major antigenic epitopes on HAi: the 120-loop (HAi 116-137), the 150-loop (HAi 141-150), the 160-loop (HAi 162-167), the 190-helix , and their respective surrounding regions [Wang et al, 2008] (Fig. 3) ,
suggesting the important roles of antibody selection in molecular evolution of influenza B virus HA.
CHAPTER2
Materials and Methods
Phylogenetic analysis
Sequences preparation
This study focused on the first 340 amino acid residues of mature HAi (1~1020 nucleotides excluding those corresponding to the signal peptide). A total of 271 HAi sequences of influenza B virus strains isolated between 1940-2007 were used in the study.
These sequences were selected to sample all the years in which influenza B viruses were active, and special cares were taken to avoid stains with high similarity and isolated in the same regions. All the sequences were obtained from the Influenza Sequence Database (Los Alamos National Laboratory, Los Alamos, NM, USA www.flu.lanl.gov) [Macken et al., 2001] . The name of the strain was composed of two part, strain type plus serial number and year, for example:
NewYork 2 -90, NewYork: The location where the virus was collected 2: Serial number, there may exit another strain NewYork3 -90.
90:
The virus strain was at 1990.^ All the adopted sequences are saved as fasta format, which are compatible with DNA star for further analysis.
Alignment of Sequence and tree drawing
The CLUSTAL W method [Thompson et al., 1994] In these position marked by red, all the strains possess same sequence, no variance. Our calculation focused on these non red areas, which are positions under evolution pressure, either synonymous (silent) or nonsynonyrnous(amino acid altering) substitution.
Ru5sia
All the evolution tree pictures in this paper was also made by DNASTAR,
Analysis of selective pressure and setting of PAML
PAML is open source software for phylogenetic analysis of DNA or protein sequence.
It analyses all the sequence through comparison of nested statistical models.
For this analysis, the CODEML program in PAML was used to calculate the codon-substitution models for heterogeneous selection pressure at amino-acid positions [Yang, 1997; Yang, 2007; Yang et al., 2000; Yang et al., 2005] . The models used in this study were M0, M1 a, M2a, M7 and M8.
Model
NSsites #p Parameters M0 (one ratio) Mia (neutral) Table 2 .2. Parameters in the site models, #p is the number of free parameters in the co distribution.
Mia (nearly neutral) and M7 (beta) were null models that did not support co > 1.
In contrast, the alternative models M2a (positive selection) and M8 (beta and co), compared to Mia and M7 respectively, each had an additional class that allowed co > 1.
Likelihood ratio tests (LRT) comparing M2a versus Mia and M8 versus M7 provided test
for the existence of positive selection. In LRT, twice the log likelihood difference, 2Al = 2(1, -1 0 ), was compared with a % 2 distribution to test whether the null model was to be rejected, where £o and €] were the log likelihood for the alternative model and the null model, respectively. In addition, empirical Bayes analysis was employed to calculate the posterior probability that each site belonged to a particular site class. Sites with high posterior probability of belonging to the site class of ro > 1 were inferred to be under positive selection. It was shown that Bayes Empirical Bayes, which assigned a prior to the model parameters [Deely and Lindley, 1981] , worked well for both small and large datasets [Yang et al., 2005] . Since some of the subgroups used in this study were small, the results from Bayes Empirical Bayes analysis were used throughout this study. To account for the insertions and deletions in influenza B virus HAi, the numbering of influenza B/HongKong/8/73 HA was used as a reference for all sequences [Wang et al., 2008] . +:geometric; -.linear, {l-5:G1974,Miyata,c,p,v} Model: set equal to 0, that assume all the branches possess the same ratio co.
Alpha: refers to the parameter a in gamma distribution for variable substitution rates across sites.
Clock: Without the clock (clock = 0), unrooted trees should be used, such as ((1,2),3,4) or (1,2,(3,4)).
Results
Phylogenetic relationship of influenza B virus HA
According to phylogenetic analysis, the 271 HAi sequences were divided into three (Fig. 3.1 ), among which (11-/ ~ 11-///) sublineages had been described in a previous study [Nerome et al., 1998 ], whilst the (II-/v) sublineage was described here for the first time. The B/VI-lineage (III) was divided further into an earlier sublineage (HI-/) and a more recent sublineage (lll-ii) ( Fig. 3.1 ). This large-scale phylogenetic analysis uncovered that the divergence of influenza B virus HA into B/YMand B/VI-lineages can be dated back to early 1970s, which is much earlier than previously thought [Kanegae et al., 1990; Matsuzaki et al., 2004; McCullers et al., 2004; Rota et al., 1990] and agrees well with a just-published study [Chen et al., 2007] .
Positive selection on influenza B virus HA
To detect positively selected sites in HA] sequence of influenza B virus strains between 1940-2007, the analysis using CODEML in PAML was performed individually on the seven subgroups (1,11-/ ~ ll-iv, and III-/ ~ //) (Fig. 3.1) . In all but two cases, the LRT statistics (2AI ) for M2a versus Mia and M8 versus M7 were much larger than the critical value of X\% = 6.63 with degree of freedom (d.f.) set to 1 (Table 3 .1, 3.2).
Thus the LRT tests supported the existence of positive selection on influenza B virus HA.
The sites with greater than 50% posterior probability to be under positive selective n pressure in models M2a and M8, obtained from Bayes Empirical Bayes analysis [Yang et al., 2005] , were listed in Table 3 .3. In general, M2a identified fewer sites under positive selection than M8 did. Nevertheless, the sites identified in M2a were those of the highest posterior probability in M8 (Table 3. 3). In contrast, those identified only in M8
but not in M2a were generally of low posterior probability. To be more conservative, most of our discussion was focused on the sites that were identified in M8 model with greater than 95% posterior probability to be under positive selection. This cutoff limits the false-positive rate to 5~6% or lower [Yang et al., 2005] . It is important to emphasize that those of high posterior probability to be under positive selection were not necessarily those of the highest mutation rates. Different from influenza A virus HA [Bush et al., 1999; Yang et al., 2000] , a much smaller number of sites on influenza B virus HA were subject to positive selection for antigenic drift, consistent with earlier studies [Air et al., 1990; Chen and Holmes, 2008] .
6 4 Nucleotide Substitutions (x1 OO) Fig. 3 .1. Phylogenetic relationship of 271 HA1 sequences used in this study. For all sequences, the nucleotide sequences between 1 and 1,020, corresponding to residues HA1 1-340, were used. The phylogenetic tree was drawn using the program Megalign from DNASTAR package (www.dnastar.com). Each site is shown as a ball centered at its Ca atom in the structure (Protein Data Bank code 3BT6) [Wang et al., 2008] . Sites with greater than 95% posterior probability to be under positive selection are shown in dark color and the rest are in light color. The structure of one monomer of HA is in the same orientation as the monomer shown in color in Figure 1. [Yang, 1997; Yang, 2007; Yang et al., 2000; Yang et al., 2005] . Significantly larger values of 2A£ over those of % 2 distributions led to the rejection of the null models Mia and M7. [Yang et al., 2005] . *Posterior probability of positive selective pressure is between 75-84%. **Posterior probability of positive selective pressure is between 85-94%. ***Posterior probability of positive selective pressure is higher than 95%. 
Early strain (I) (1940-1970).
Fig. 3.3. Early strain lineage (I).
Among the 271 HAi sequences analyzed in this study, a total of 11 sequences over a time span of 31 years belong to this group (Fig. 3.1, Fig. 3.3) . To limit the uncertainties related to the relatively small number of samples in this group, the results from Bayes Empirical Bayes analysis were used throughout this study [Anisimova et al., 2002; Yang etal., 2005] . In LRT tests, the values of 2AI were 5.36 for M2a versus Mia, and 5.76 for M8 versus M7 (Table 3 .2). These values were larger than the critical value of xl% = 3.84, but smaller than x\% = 6.63 with d.f. = 1 [Yang, 1997; Yang, 2007; Yang et al., 2000; Yang et al., 2005] . The M2a model suggested ~0.5% sites to be under positive selection with a>2=7.990 (Table 3 .1). Similarly, the M8 model suggested ~0.6% sites to be under positive selection with co s =7.428. The M2a model identified a total of six sites to be under positive selective pressure (>50% posterior probability) (Table 3. 3). The M8 model identified 14 sites of being under positive selective pressure (>50% posterior probability) (Fig. 3.3) . Among them, two sites were of greater than 95% posterior probability to be under positive selection: HA] 167 (95%) on the 160-loop and 194 (99%) onthel90-helix.
B/YM-like lineage (II).
A total of 138 HAi sequences in this analysis belong to B/YM-like lineage. It was further divided into four sublineages, 11-/ (25 sequences), 11-// (24 sequences), 11-/// (56 sequences) and II-/v (33 sequences) (Fig. 3.1) .
Early strain sublineage (II-O (1972-1984).
2.6 €. Yamagata1-73 Nucleotide Substitutions (x100) Fig. 3 .4 BATvl-lineage 11-/(1972 BATvl-lineage 11-/( -1984 These early strains of B/YM-lineage spanned a period of 13 years ( Fig. 3.4) . The values of M2a versus Mia and M8 versus M7 were much greater than = 6.63 with d.f. = 1 (Table 3.1, 3.2) , resulting in the rejection of the null models Mia and M7. Both M2a and M8 models suggested ~1.1% sites to be under strong positive selection with large values (Table 3 .1). The M2a model identified a total of five sites to be under positive selection (>50% posterior probability) (Table 3 .3), three of which were of greater than 95% posterior probability: HA 1 129 (97%) on the 120-loop, 194 (100%) and 196 (100%) on the 190-helix. These three sites were again with >95% posterior probability in the M8 model: HA1 129 (99%), 194 (100%) and 196 (100%) (Fig. 3.4) . The BA^M-lineage strains in this group covered a 10-year period (Fig. 3.5) . In LRT tests, the 2AI values of M2a versus Mia and M8 versus M7 provided strong support for the existence of positive selection (Table 3. 1, 3.2) . Both M2a and M8 models suggested ~4% sites to be under positive selection with co ~ 4 (Table 3.1). The M2a model identified two sites with higher than 95% posterior probability of being positively selected (Table 3. [Nakagawa et al., 2001a; Nakagawaetal., 2003 ].
Sublineage (11-//) (1987-1996
Sublineage (11-///) (1991~2002). This sublineage of B/YM-like strains covered
a 12-year period (Fig. 3.6 ). The LRT tests led to the rejection of the null models Mia and M7 (Table 3. (Table 3. 3). These two sites were of 99% and 100% posterior probability of positive selection in the M8 model (Table 3 .3 and Fig. 3.6 Fig. 3 .6 BATM-lineage II-w.
Sublineage (II-/v) (1994-2005).
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Taiwan635-05 Taiwan52-04  Taiwan98-05  Taiwan34-04 Taiwanl 02-05 Taiwan43- (Fig. 3.7) . In sharp contrast to all other sublineages of B/YM-like strains and to all B/VI-like strains, the LRT statistics were 2AI =1.16 and 1.26 for M2a versus Mia and M8 versus M7, respectively (Table 3. 2), suggesting a low confidence for the existence of positive selection. In Bayes Empirical Bayes analysis, both M2a and M8 models suggested a relatively large percentage of sites (-13%) to be under very weak positive selection with ©2=1.537 and co s =1.560, respectively (Table 3. 
1).
The M2a model identified a total of four positively selected sites with >50% posterior probability (Table 3. 3). In the M8 model, a total of seven sites were identified, with only one site, HAi 177 (98%) on the 120-loop, with > 95% posterior probability (Table   3 .3 and Fig. 3.7) . This sublineage was the only group in which HA] 194 and 196 are of lower than 95% probability to be under positive selection.
B/VI-like lineage (III).
A total of 122 HAi sequences of influenza B virus strains belong to this lineage. They were grouped into two sublineages, early strains (III-/) containing 24 sequences and more recent strains (HI-//) containing 98 sequences (Fig.   3.1) .
Early strain sublineage (III-/) (1975~1993).
These early strains of B/VI-lineage spanned a time period of 19 years and exhibited significant sequence differences from the recent circulating B/VI-like strains (III-//) (Fig.2, Fig. 3.8) . The LRT statistics supported the rejection of the null models (Mia and M7) and strongly supporting the presence of positive selection (Table 3 .1, 3.2). The M2a model suggested 1.0% sites to be under positive selection with ©2=9.700 ( 
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Nucleotide Substitutions (x100) M2a model identified seven sites to be under positive selective pressure (Table 3. 3), with
HAi 194 (100%) and 196 (100%) on the 190-helix of higher than 95% posterior probability. The M8 model revealed a total of 11 positively selected sites, among which four sites were of greater than 95% posterior probability. They were HA] 73 (95%) (120-loop), 167 (97%) (160-loop), 194 (100%) and 196 (100%) (190-helix) (Table 3 .3, Fig. 3.8) . It is important to note that among these four sites with the highest posterior probability, one site, HAi 167, is on the 160-loop, while none is located on the 150-loop.
In sharp contrast, B/YM-like Ql-ii) sublineage, which circulated in an overlapping time period and contained the same number of sequences, had HAi 150 on the 150-loop to be under positive selection. These observations further supported earlier conclusions that the 160-loop epitope is specific for the B/VI-lineage strains [Nakagawa et al., 2001b; Nakagawa et al., 2005] while the 150-loop epitope is specific for the B/YM-lineage strains [Nakagawa et al., 2001a; Nakagawa et al., 2003] .
Recent strain sublineage (lll-il) (1996-2007).
The more recent isolates of B/VI-lineage strains remained to be a single group over the time period of 12 years ( Fig. 3.9) . The LRT statistics supported strongly the presence of positive selection (Table 3 .1, 3.2). The M2a model suggested ~0.5% sites to be under positive selection with ©2=9.871 (Table 3 .1). Similarly, the M8 model suggested ~0.6% sites to be under positive selection with oo s =8.534. HAi 194 had a posterior probability of 95% and 99% to be under positive selection in M2a and M8 models, respectively, while HAi 196 has a 100% posterior probability in both M2a and M8 models (Table 3.3 and Fig. 3.9) . Compared to the earlier B/VT-like (HI-/) sublineage, one noticeable difference is that the 160-loop was no longer under positive selection in these recent strains (HI-//). Rather, positive selection was focused on the 190-helix. In previous studies, four major antigenic epitopes of influenza B virus HA, the 120-loop, the 150-loop, the 160-loop, and the 190-helix, were identified on the membrane-distal domain of HAi [Wang et al., 2008] (Fig.1.1) . Strikingly, in this study, all the identified positively selected sites in the seven subgroups were located on these four major antigenic epitopes, supporting the important roles of antibody selection in the molecular evolution of influenza B virus HA.
The 150-loop is an important epitope on HA. Antigenic properties were altered for influenza B virus with mutations on this loop in laboratory-selected escape mutants [Berton et al., 1984; Berton and Webster, 1985; Nakagawa et al., 2003; Webster and Berton, 1981] , field isolates [Abed et al., 2003; Nakagawa et al., 2001a] and egg-adapted variants [Lugovtsev et al., 2005; Lugovtsev et al., 2007; Oxford et al., 1991; Oxford et al., 1990] . In more recent influenza B virus isolates, the 150-loop region appeared to be the neutralizing epitope specific for B/YM-like strains [Nakagawa et al., 2001a; Nakagawa et al., 2003] . Consistent with that finding, HAi 150 was under positive selection with 96% posterior probability in B/YM-like (11-//) sublineage.
The 160-loop is the only region in influenza B virus HA where insertions, deletions and single amino-acid substitutions were detected in field isolates [McCullers et al., 1999; Nakagawa et al., 2005; Nerome et al., 1998 ] and mAb-escape mutants [Berton et al., 1984; Berton and Webster, 1985; Nakagawa et al., 2001a; Nakagawa et al., 2001b; Webster and Berton, 1981] , as an effective way for influenza B virus to survive a long period of time without antigenic shifts as observed in influenza A virus [Nerome et al., 1998 ]. In recent isolates, the 160-loop became specific for B/VI-like lineage [Nakagawa et al., 2001b; Nakagawa et al., 2005] . In agreement with this observation, HA) 167 on the 160-loop was selected positively in early strains (I) and in B/VI-like (III-/) sublineage (Table 3. 3, fig.3.2) , with 95% and 96% posterior probability, respectively. The 190-helix, which forms part of the receptor-binding site (RBS) of influenza B virus HA, is inarguably one of the most important epitopes. The hot spot is at HAi 194~196, a potential glycosylation site. Similar to influenza A virus HA [Caton et al., 1982; Daniels et al., 1983; Schulze, 1997; Skehel et al., 1984; Skehel and Wiley, 2000] , influenza B virus HA also utilized the addition or removal of glycosylation as a mechanism for antigenic drift [Berton et al., 1984; Berton and Webster, 1985; Gambaryan et al., 1999; Ikonen et al., 2005; Muyanga et al., 2001; Nakagawa et al., 2000; Nakagawa et al., 2004; Oxford et al., 1991; Oxford et al., 1990; Robertson et al., 1990; Robertson et al., 1985; Saito et al., 2004; Schild et al., 1983; Wang et al., 2008] . In this current analysis, HAi 194 and 196 were constantly identified to be under positive selective pressure, with greater than 99% probability in 11 out of 14 cumulative cases (combining both sites in seven groups), and over 85% in three other cases. HAi 227 in sublineage (11-//) was another positively selected site on 190-helix with high posterior probability (97%) (Table 3.3, Fig.3.2) .
Perhaps one of the most important observations from this study is positive selection of the 120-loop region. The 120-loop epitope was defined as HAi 116-137 and its surrounding regions [Wang et al., 2008] . In this context of this article, we refer to all sites not adjoining the 150-loop, 160-loop or the 190-helix epitopes as the 120-loop region due to spatial proximity (Fig.1.1) . Although the 120-loop region appeared to be one of the most frequently mutated regions in field isolates [Verhoeyen et al., 1983] , its role in antigenicity of influenza B virus HA was not recognized until most recently [Lugovtsev et al., 2007; Nakagawa et al., 2006; Wang et al., 2008] . One possibility for such a delay in recognition is that the 120-loop is proximal to the viral envelope membrane, making the access by antibodies more difficult, as observed for influenza A virus HA [Barbey-Martin et al., 2002; Bizebard et al., 2001; Bizebard et al., 1995; Fleury et al., 1999; Gigant et al., 2000; Knossow et al., 2002] . Thus, it is very important that this current study provided strong evidence for positive selection of the 120-loop region, further supporting its significance in antigenicity of influenza B virus HA.
Trends of positive selection on influenza B virus HA
The early strains (I) seemed to have rather even distribution of positive selective pressure on all four major epitopes, although the positive selection on the 160-loop and 190-helix appeared to be stronger and/or more prevailing (Table 3. 3, Fig. 3.3) . In contrast, the early strains of B/YM-lineage and B/VI-lineage, sublineages (ll-ii) and (III-/) respectively, were sharply divided. HAi 150 on the 150-loop in B/YM-like (11-//) sublineage, and HAi 167 on the 160-loop in B/VI-like (III-/) sublineage, were inferred to be under positive selection with high posterior probability (Table 3. 3). These observations agreed very well with earlier studies in which the 150-loop and 160-loop were found to be specific epitopes for the B/YM-and B/VI-lineages, respectively [Nakagawa et al., 2001a; Nakagawa et al., 2001b; Nakagawa et al., 2003; Nakagawa et al., 2005] . However, despite large sequence differences, the recent B/YM-like (11-///) sublineage and B/VI-like (III-/7) sublineage converged at focusing on the 190-helix for antigenic drift (Table 3 .3 and Fig. 3.2) . Most strikingly, in the newest B/YM-like (II-/V) sublineage, a large number of sites were found to be under rather weak positive selection, and the only positively selected site identified with high confidence was HA] 177 on the 120-loop. The new trends of positive selection among these most recent strains, in conjunction with results from other studies [Lugovtsev et al., 2007; Nakagawa et al., 2006] , stress the increasingly important role of the 120-loop in antigenicity of influenza B virus HA.
Concluding remarks
This study reports a large-scale systematic analysis of diversifying positive 
